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We propose models of Dark Matter that account for the 511 keV photon emission from the Galactic
Centre, compatibly with experimental constraints and theoretical consistency, and where the relic
abundance is achieved via p-wave annihilations or, in inelastic models, via co-annihilations. Due
to the Dark Matter component that is inevitably upscattered by the Sun, these models generically
predict keV electron recoils at detectors on Earth, and could naturally explain the excess recently
reported by the XENON1T collaboration. The very small number of free parameters make these
ideas testable by detectors like XENONnT and Panda-X, by accelerators like NA64 and LDMX,
and by cosmological surveys like the Simons observatory and CMB-S4. As a byproduct of our study,
we recast NA64 limits on invisibly decaying dark photons to other particles.
PACS numbers: 95.35.+d (Dark matter), 95.55.Vj (Neutrino, muon, pion, and other elementary particle
detectors; cosmic ray detectors)
Introduction. Data that deviate from standard pre-
dictions are lifeblood of progress in physics. The past
few decades have seen a plethora of such observational
‘anomalies’, both in cosmic rays and in underground de-
tectors, that could have been explained by some property
of particle Dark Matter (DM). None of them has been so
far enough to claim the discovery of a new DM prop-
erty, because of the possible alternative explanations in
terms of new astrophysical sources, of underestimated
systematics, etc, often flavored with a healthy dose of
skepticism. An awareness has therefore emerged that the
confirmation of a DM origin for some anomaly would re-
quire, as a necessary condition, that many anomalies are
intimately linked together within a single model of DM.
It is the purpose of this letter to point out one such
link. Not only we propose DM models that explain the
observed 511 keV line from the Galactic Centre (GC) [1–
3], but also we show they predict electron recoils with
energies of the order of a keV, of the right intensity and
spectrum to be observed by XENON1T [4, 5] and to ex-
plain the excess seen in [5]. Our spirit in writing this
paper is not to abandon the skepticism praised above,
but rather to add an interesting –in our opinion– piece
of information to the debates surrounding both datasets.
The 511 keV galactic line. A 511 keV photon line
emission in the galaxy has been observed since the 70’s,
recent measurements include that with the SPI spectrom-
eter on the INTEGRAL observatory [2] and the one with
the COSI balloon telescope [3], see [1] for an earlier re-
view. The signal displays two components of comparable
intensity, one along the galactic disk and one in the bulge,
the latter with an extension of O(10◦) around the galac-
tic center (GC), strongly peaked, corresponding to a flux
of ' 10−3 photons cm−2 sec−1 [2]. The line is attributed
to the annihilation of e+e− into γγ via positronium for-
mation, thus it requires sources injecting positrons in the
regions where the emission is seen, and with injection en-
ergy smaller than about 3 MeV [6].
The emission from the galactic disk has been ten-
tatively explained with positron injection from the de-
cay of isotopes coming from nucleosynthesis in stars (see
e.g. [1, 7]), while the origin of the emission in the bulge
is still the object of debate (‘one of the most intrigu-
ing problems in high energy astrophysics’ [1]). Recent
proposals to explain the positron injection include, for
example, low-mass X-ray binaries [7] and Neutron Star
mergers [8].
The 511 line and Dark Matter: preliminaries.
Given that the origin of the bulge 511 keV line has not
yet been clarified, and given that DM exists in our galaxy,
it makes sense to entertain the possibility that the lat-
ter is responsible for the former. A DM origin for the
positron injection in the bulge has indeed been investi-
gated since [9]. The morphology of the signal excludes
DM decays in favor of annihilations, see e.g. [10]. The
511 keV line emission in the galactic bulge could be ac-
counted for by self-conjugate DM annihilations into an
e+e− pair with
〈σv〉511 ' 5 · 10−31
( MDM
3 MeV
)2 cm3
sec
, (1)
where we have used the best fit provided in [10] for an
NFW DM density profile, as an indicative benchmark.
Different profile shapes and the use of new data for the
line could change the precise value of 〈σv〉511, which how-
ever is not crucial for the purpose of this paper.
The need for a positron injection energy smaller than
3 MeV [6] implies that, unless one relies on cascade an-
nihilations [11], MDM . 3 MeV. Since so small values
of MDM have been found to be in conflict with cosmo-
logical observations, a simple DM-annihilation origin of
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2the 511 keV line has been claimed excluded in [12]. Re-
cently, however, the refined analysis of [13] found that
values of MDM down to ∼ 1 MeV can be made consistent
with CMB and BBN, by means of a small extra neu-
trino injection in the early universe, simultaneous with
the electron one from the DM annihilations. We will rely
on this new result in building DM models for the 511 keV
line.
Eq. (1) clarifies that s-wave DM annihilation cannot
explain the 511 keV line, because so small cross sections
imply overclosure of the universe. To be compatible with
a thermal generation of the DM abundance, one there-
fore needs annihilation cross sections in the early uni-
verse much larger than today in the GC. This is realised
for example in two simple pictures, where the DM relic
abundance is set by:
 p-wave annihilations;
 coannihilations with a slightly heavier partner.
We will build explicit DM models that realise each of
them in the next two paragraphs.
DM for the 511 keV line: p-wave. Using
〈σv〉(p)relic(MDM = 2 MeV) ' 2.2 · 10−25v2relcm3/sec [14],
we find
M
(p)
DM ' 2 MeV
〈v2rel〉1/2bulge
1.1× 10−3 , (2)
where we have normalised 〈v2rel〉1/2bulge to the value ob-
tained from the velocity dispersion in the bulge σ '
140 km/s [15], and where we have assumed that the dom-
inant annihilation channel at freeze-out is e+e−. Note
that the preferred DM mass would be the same for non-
self-conjugate annihilating DM, for which both 〈σv〉511
and 〈σv〉relic are larger by a factor of 2.
An explicit model realising this picture consists of a
Majorana fermion χ as DM candidate, whose interactions
with electrons are mediated by a real scalar S via the low-
energy Lagrangian (we use 2 component spinor notation
throughout this work)
L = yDχ2S + geeLe†RS + h.c. . (3)
This results in the annihilation cross section
σve+e− = v
2
rel
(yDge)
2
8pi
M2DM
(
1−m2e/M2DM
)3
2(
m2S − 4M2DM
)2
+m2S Γ
2
S
, (4)
and in the cross section for DM-e elastic scattering
σe =
(yDge)
2
pi
µ2eDM
m4S
, (5)
where mS is the scalar mass, ΓS its width, and µeDM =
meMDM/(me + MDM). Once σve+e− and MDM are fixed
by the requirements to fit the 511 keV line eq. (1) and to
reproduce the correct relic abundance eq. (2), then only
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FIG. 1. Once the conditions to reproduce the DM abun-
dance and the 511 keV line are imposed, the phenomenol-
ogy of the model is entirely determined by the scalar me-
diator mass mS and its coupling to electrons ge. Shaded:
non-perturbative dark coupling (gray), our recast of NA64
dark photon limit [20] (blue), indicative limit from XENON1T
data [4] (orange). Lines: contours of constant σe (orange) and
of constant dark coupling yD (gray). The thick orange line
corresponds to σe = 4 ·10−38 cm2, which induces the electron
recoil spectrum at XENON1T shown in Fig. 3.
two free parameters are left, which we choose as ge and
mS in Fig. 1. We find that a region capable of explain-
ing the 511 keV line exists, delimited by perturbativity,
direct detection (derived later) and collider limits (see
App. A).1
The existence of 3 degrees of freedom with masses MDM
and mS of a few MeV is not in conflict with cosmological
data, provided one posits a small injection of neutrinos
in the early universe in a proportion ∼ 1 : 104 to the elec-
tron injection, see [13]. This can for example be achieved
with a coupling to neutrinos, gνν
2S, of size gν ∼ 10−2ge,
and where ge ∼ 10−6 in the region allowed by the vari-
ous limits. Coupling of neutrinos and electrons of these
sizes can be easily obtained in electroweak-invariant com-
pletions of the Lagrangian of eq. (3). Since they do not
present any particular model-building challenge, we defer
their presentation to App. B.
DM for the 511 keV line: coannihilations. As a
model that concretely realises this idea, we add to the SM
a gauge group U(1)′, two fermions ξ and η with charges
1 and -1 respectively, and a scalar φ with charge 2 that
spontaneously breaks the symmetry. The most general
low-energy Lagrangian that preserves charge conjugation
1 Limits from CMB [16], CR electrons [17] and CR-electron-
upscattered DM [18, 19] do not constrain the explanation of the
511 keV line in the models presented in this paper.
3(η ↔ ξ, φ↔ φ∗, Vµ ↔ −Vµ) reads
L = V (|φ|) + 
2
VµνF
µν + (igDχ
†
2σ¯µχ1V
µ + h.c.)
− m¯
2
(χ21 + χ
2
2)−
yφ
2
(φ+ φ∗)
(
χ22 − χ21
)
+ h.c. , (6)
where χ1 = i(η − ξ)/
√
2 and χ2 = (η + ξ)/
√
2 are the
Majorana mass eigenstates, Fµν is the electromagnetic
field strength and we have understood all kinetic terms.
The scalar mass and triple-coupling read
V (|φ|) = λφ
(
|φ|2−v
2
φ
2
)2
⇒ m2ϕ = 2λφv2φ , λϕ3 = 6λφvφ ,
(7)
where φ = (ϕ + vφ)/
√
2 and λϕ3 is defined by L ⊃
λϕ3ϕ
3/6. The physical vector and fermion masses read
mV = 2gDvφ, m1,2 = m¯± δ
2
, δ = 2
√
2 yφvφ.
(8)
χ1 coannihilates with χ2 via dark photon exchange. In
the limit δ  m1,2 = MDM, one finds
σvχ1χ2→e+e− = 4αe
2g2D
M2DM +m
2
e/2
(m2V − 4M2DM)2
√
1− m
2
e
M2DM
,
(9)
where αe is the fine-structure constant. For definite-
ness, we then assume that χ2 decays on cosmological
scales, such that coannihilations cannot be responsible
for a positron injection in the GC today. We will come
back to this point in the end of the paragraph.
One can then explain the 511 keV line, if mϕ < MDM
and ϕ decays to ee¯, via pair annihilations χiχi → ϕϕ.
The associated cross section, at first order in yφvφ/λϕ3 
1, reads (i = 1, 2)
σvχiχi→ϕϕ = v
2
rel
y2φ λ
2
ϕ3
64pi
1
(4m2i −m2ϕ)2
√
1− m
2
φ
m2i
. (10)
An operator |φ|2(eLe†R + h.c.)/Λφe with Λφe ∼ 109−10vφ
guarantees that ϕ decays to ee¯ instantaneously on astro-
physical scales, while being allowed by collider, super-
novae and BBN limits [21]. It could originate –at the
price of some tuning– from a |φ|2|H|2 term, or from the
models discussed in App. B. Since a χ1χ1 annihilation
injects two ee¯ pairs, the cross section that best fits the
511 keV line is reduced by a factor of 2 with respect to
eq. (1). Therefore we impose
σvχiχi→ϕϕ =
1
2
〈σv〉511 v
2
rel
〈v2rel〉bulge
. (11)
If χiχi → ϕϕ were the only processes responsible
for the DM abundance, then we would have found an-
other realisation of the p-wave annihilating idea, just with
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FIG. 2. The conditions to reproduce the DM abundance
and the 511 keV line impose MDM . 4 MeV and leave 4 free
parameters, chosen here as MDM, δ, mϕ and mV . Shaded:
non-perturbative dark coupling (gray), NA64 limit [20] (blue),
indicative limit from XENON1T data [5] (orange). Lines: σ¯e
(orange), gD (gray),  (cyan). The dashed gray line roughly
delimits the region where χ2 decays into neutrinos are not
enough to deplete the primordial χ2 population, and further
constraints could arise. The blue triangle corresponds to the
electron recoil spectrum at XENON1T shown in Fig. 3, and
it explains the excess events presented in [5].
MDM ' 4 MeV.2 It follows that, for MDM . 4 MeV, the
DM relic density is set dominantly by coannihilations.
We then fix  by the simple requirement
σve+e− + 3
σvχiχi→ϕϕ/v
2
rel
xFO
= σv
(s)
FO , (12)
where the left-hand side sums the s- and p-wave contri-
butions (see e.g. [22] for the origin of the relative fac-
tors) and where we use for simplicity the s-wave values
at MDM = 3 MeV, σv
(s)
FO ' 8 × 10−26cm3/sec [14] and
xFO ' 15 (their dependence on MDM is very mild).
The model is then left with 4 free parameters, we vi-
sualise its parameter space in Fig. 2 for the benchmark
values mϕ = 2 MeV and mV = 15 MeV.
3 The allowed re-
gion is again delimited by perturbativity, direct detection
and collider limits. Analogously to the previous model,
these low values of MDM can be brought in agreement
2 This is larger than 2 MeV of the previous section because of the
factor of 2 in 〈σv〉511 that we just explained, and because the
relic cross-section is twice that of self-conjugate particles, because
χ1χ2 cannot annihilate via σvχiχi→ϕϕ. Note that, for MDM <
6 MeV, the positron injection energy is always smaller than the
needed 3 MeV thanks to the extra step in the annihilation.
3 The phenomenology we discuss next is not affected by their pre-
cise values, as long as 1.5 . mϕ/MeV . 3, and 10 . mV /MeV .
100, where the lower limits are potentially in conflict with BBN
and the upper ones close the available parameter space. Since
σ¯e is independent of mϕ, mϕ < 2 MeV would not open any new
allowed parameter space.
4with BBN and CMB data by a coupling gνVµν
†σ¯µν, with
gν ∼ 10−2e. We refer the reader to App. B for a possi-
ble origin of gν . Here we just point out that it induces
Γχ2→χ1ν¯ν ' g2νg2Dδ5/(40pi3m4V ), which for mV = 15 MeV
and δ & 1 keV implies τ2 < 109 years, so that all χ2’s
left after freeze-out have decayed by today. Larger val-
ues of τ2 can be avoided by adding another operator to
mediate χ2 decays (e.g. a dipole), otherwise values of
δ . 1 keV could potentially be in conflict with searches
for the primordial population of χ2 [23].
The allowed values of δ are restricted around a few
keV, which is particularly interesting because they could
explain [23] the excess events at XENON1T [5], as we
explicitly derive in the next paragraph. The event rate
at XENON1T is proportional to the cross section χ2e→
χ1e in the limit δ → 0,
σ¯e = 4αeg
2
D
2µ
2
eDM
m4V
, (13)
which we also display in Fig. 2.
Finally, we left out of this study the case where there
is a residual population of χ2 today, which has also
been shown to possibly explain the excess events at
XENON1T [23–30]. While this goes beyond the purpose
of this work, it would be interesting to investigate it in
combination with the 511 keV line and we plan to come
back to it in future work.
keV electron recoils from Sun-upscattered DM.
The models we proposed to explain the 511 keV line re-
quire DM with a mass of a few MeV, interacting with
electrons. Such a DM is efficiently heated inside the sun,
resulting in a flux of solar-reflected DM with kinetic en-
ergy (∼ keV) significantly larger than the one of halo
DM, thus offering new detection avenues to direct de-
tection experiments [31]. We now show that, via this
higher-energy component, both ‘p-wave’ and ‘coannihila-
tions’ models for the 511 keV line automatically induce
electron-recoil signals that are probed by XENON1T S2-
only [4] and S1+S2 [5] data.
We outline the procedure to obtain the event rate
caused by the solar-reflected DM flux and refer to App. C
for more details. In the case of our interest with relatively
small σe, the solar-reflected DM flux Φrefl is estimated as
dΦrefl
dE
' nDM
(1AU)
2
∫ rsun
0
dr r2
vesc(r)
vDM
ne(r)
〈
dσe
dE
ve(r)
〉
,
(14)
where E is the DM kinetic energy, nDM is the DM number
density, rsun is the solar radius, vesc is the escape veloc-
ity, vDM is the halo DM velocity, ne(ve) is the electron
number density (velocity), and 〈...〉 denotes the thermal
average. In this formula, we have improved the analysis
of [23] by including the radial dependence of the solar
parameters, taken from [32]. The recoil spectrum of the
electron initially in the (n, l) state of a XENON atom is
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coannihilaiton : (MDM = 3 MeV, σe = 1.9× 10−38 cm2, δ = 3 keV)
FIG. 3. Electron recoil spectra induced by solar-upscattered
DM, for two benchmark values of the parameters of models
that explain the 511 keV line. We overlay them with data
and expected backgrounds from the Xenon1T S2 [4] (left)
and S1+S2 [5] (right) analyses.
given by
dRnl
dER
=
NTσe
8µ2eDMER
∫
dq q |fnl|2 ξ (Emin) , (15)
ξ (Emin) =
∫
Emin
dE
(
MDM
2E
)
dΦrefl
dE
, (16)
Emin =
MDM
2
(
Enl + ER − δ
q
+
q
2MDM
)2
, (17)
where NT is the number of target particles and Enl is
the electron binding energy, see e.g. [33] for a detailed
derivation of the above expressions. We compute the
atomic form factor fnl following [27, 34], and leave a re-
fined treatment including relativistic effects [35, 36] to
future work.
In Fig. 3, we show the electron recoil spectra for two
benchmark points MDM = 2 MeV and σe = 4×10−38 cm2
in the p-wave case and MDM = 3 MeV, σe = 1.9 ×
10−38 cm2 and δ = 3 keV in the coannihilation case. The
induced electron recoils peak at energies below 2 keV in
the p-wave case, and in the coannihilation one if δ . keV.
In the latter case with larger δ the events instead peak
at ER ∼ δ, because the downscattering χ2 → χ1 releases
more energy than the initial one of χ2. In particular, the
events are peaked at ER = 2–3 keV in our benchmark
point, which can explain the recent XENON1T anomaly.
We emphasize that this result is non-trivial, because the
allowed parameter region is defined by requirements and
experimental limits that are completely independent of
XENON1T. It is then a fortunate accident that this re-
gion is in the right ballpark for the explanation of the
XENON1T anomaly.
The results of this paragraph are of course inter-
esting beyond these anomalies, as they quantify how
XENON1T tests models of light electrophilic DM. The
limits shown in Figs. 1 and 2 are derived by the conserva-
tive requirement that signal plus background should not
overshoot the data in [5] by more than 3σ, a more precise
limit derivation is left to future work.
5Conclusions and Outlook. We have pointed out
that Dark Matter models, where the relic abundance
is set by either p-wave annihilations or coannihilations
with a slightly heavier partner, can explain the origin of
the 511 keV line in the galactic bulge compatibly with
all other experimental constraints. We have found that
these models induce electron recoils on Earth that are
being tested by XENON1T, and that ‘coannihilation’
models could, non-trivially, simultaneously explain the
511 keV line and the excess events recently presented by
XENON1T [5].
Independently of the XENON1T anomaly, our pro-
posed DM explanations of the 511 keV constitute a new
physics case for experiments sensitive to keV electron re-
coils, like XENONnT and Panda-X [37], for accelerators
like NA64 and LDMX [38], and for cosmological surveys
like CMB-S4 [39] and the Simons Observatory [40]. The
origin of a long-standing astrophysical mystery could be
awaiting discovery in their data.
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Appendix A: Recast of NA64 limits.
NA64 sets the strongest existing constraints on invis-
ibly decaying dark photons in [20]: the kinetic mixing
, defined as in eq. (6), should be smaller than an mV -
dependent function that we denote limit(mV ). As we are
not aware of any recast of those limits to other invisibly
decaying light particles, we perform that recast ourselves,
for completeness for scalars S, pseudoscalars A and axial
vectors VA, with couplings
LS = geS e†LeR + h.c., (A1)
LA = igeAe†LeR + h.c., (A2)
LVA = igeV µA (e†Rσ¯µeR − e†Lσ¯µeL), (A3)
which in 4-component spinor notation read, respectively,
gee¯eS, igee¯eA and igee¯γµγ5eV
µ
A . We recast NA64 limits
by imposing
ge(mS,A,VA) < CS,A,VAe limit(mS,A), (A4)
where e is the electric charge and
CX =
(
NV /(
2e2)
NX/g2e
)1
2
. (A5)
X=S
X=A
X=VA
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FIG. 4. Ratios of cross sections dσ(eZ → eZX)/dx, with
x = EX/Ebeam (Ebeam = 100 GeV for NA64). Numerator:
X = S (blue), A (dotted-red), VA (orange); denominator:
X = V . The range x ≥ 0.5 is the one relevant for the NA64
searches [20] that we are recasting here. We use the cross
sections in the “improved Weizsaecker-Williams” approxima-
tions as given in [42, 43]. All curves assume mX = 10 MeV,
the dependence on mX is within the thickness of each line
for mX > 8 MeV, and within ∼ 20% of each line for
mX > 3 MeV.
We have defined
NX =
∫ xmax
0.5
dxEff(x)
dσ
dx
(eZ → eZX) , (A6)
where x = EX/Ebeam (Ebeam = 100 GeV for NA64)
and the lower limit of integration in x comes from the
cut Emiss > 50 GeV [20]. The upper limit of integration
xmax satisfies xmax < 0.997, because of the trigger Ecal >
0.3 GeV [41]. For the cross sections dσ(eZ → eZX)/dx
we use the “improved Weizsaecker-Williams” approxima-
tions given in eq. (33) of [42] for X = S and in eq. (30)
of [43] for X = V,A, VA. In Fig. 4 we display the ratio
of the X = S,A, VA cross sections and the X = V cross
section, the latter being the relevant one for the model
on which NA64 has cast its limit.
Finally, the efficiency Eff(x) has a weak dependence on
x [20], it does so mostly for x close to one, see the dis-
cussion in [41] and e.g. Fig. 11 in that paper. Since we
have not found a detailed study of the efficiency of NA64
in the region x close to 1, we assume it is independent of
x, so that it simplifies in the ratio NV /NX that defines
our rescaling eq. (A5). As visible in Fig. 4, this proce-
dure does not introduce any significant error for the axial
vector case. For the scalar and pseudoscalar cases, since
the ratios of their cross sections to the vector one are a
monotonically increasing function of x, and since the effi-
ciency worsens when x approaches one, the value of CS,A
that we obtain for xmax = 0.997 represent an aggressive
estimate of the NA64 exclusion of such particles. A con-
servative one can instead be obtained by choosing a value
of xmax below which the efficiency is roughly a constant
in x, which we take for definiteness as xmax = 0.9. Our
6mX [MeV] CS CA CVA
0.997 0.9 0.997 0.9 0.997 0.9 xmax
1 1.7 1.8 1.8 2.0 0.8 0.8
2 1.7 2.0 1.7 2.0 0.9 0.9
3 1.6 2.0 1.7 2.1 1.0 1.0
4 1.6 2.0 1.7 2.1 1.0 1.0
5 1.6 2.0 1.6 2.1 1.0 1.0
≥ 6 1.6 2.1 1.6 2.1 1.0 1.0
TABLE I. Coefficients entering eq. (A4) to recast NA64 lim-
its, on invisibly decaying dark photons [20], to invisibly decay-
ing scalars S, pseudoscalars A and axial vectors VA coupled
with electrons as in eq. (A4). We display our results for two
cases of the upper limit of integration xmax in eq. (A6).
resulting coefficients CS,A,VA , for these two extreme limits
of integration and for various values of mX , are given in
Table I. In the p-wave model studied in the main text, in
order to be conservative on the allowed parameter space,
we have used the aggressive rescaling of the NA64 limits,
i.e. CS = 1.6.
Another source of uncertainty of our rescaling comes
from the fact we used cross sections in the “improved
Weizsaecker-Williams” approximation. The comparisons
of these cross sections with the full results, in ref. [42, 43],
show that the impact of the approximation over the full
x range is analogous for the four cases X = S,A, V, VA, as
one could roughly expect by observing that this approx-
imation consists in a different treatment of the phase-
space edges. Therefore the error in our rescaling, induced
by the approximations in the cross section, is qualita-
tively expected to be smaller than the error in the cross
sections themselves, because it relies on ratios. Since
this recast is not the main purpose of this paper, we con-
tent ourselves with this procedure, and we encourage the
NA64 collaboration to present their very interesting re-
sults for particles other than dark photons.
Appendix B: UV completions.
We here propose explicit ultraviolet (UV) completions
of all the low-energy couplings that are not manifestly
electroweak (EW) invariant.
We start by scalar couplings to electrons. A coupling
ge defined as in eq. (3) geeLe
†
RS + h.c., of the needed size
ge ∼ 10−6 (see Fig. 1), can be obtained by adding to the
SM two fermions EL and E
†
R, with charge assignments of
eR and e
†
R respectively, and Lagrangian
LE = yE`H†E†R +MEELE†R + gESELe†R . (B1)
This induces a coupling to electrons (vEW ' 246 GeV)
ge ' gE yEvEW√
2ME
≈ 2 · 10−6yEgE 10
5 TeV
ME
, (B2)
which is of the desired size for ME out of experimental
reach and perturbative values of the couplings yE and gE.
In the coannihilation model the higher dimensional op-
erator |φ|2(eLe†R + h.c.)/Λφe, that induces the coupling of
ϕ to electrons, can be obtained by adding to the SM
the fermions EL and E
†
R, with SM charge assignments of
eR and e
†
R respectively, and LL and L
†
R, with SM charge
assignments of ` and `† respectively. Furthermore, we
assign to EL and LL (E
†
R and L
†
R) charge +2 (−2) under
the U(1)′ gauge group. The Lagrangian
L = MLLLL†R +MEELE†R + yLLLH†E†R
+ gEφELe
†
R + gLφLL`
† + h.c. , (B3)
then induces
Λφe
vφ
' MLME
yLgEgLvEWvφ
≈ 109 gD
yLgEgL
15 MeV
mV
MLME
(40 TeV)2
,
(B4)
where we remind the reader that we needed Λφe/vφ in
the ballpark of 109−10, in order for ϕ to decay to ee¯
instantaneously on astrophysical scales and compatibly
with collider, supernovae and BBN limits [21]. We have
just seen how this value can be achieved by adding new
vector-like leptons with masses out of collider reach.
Otherwise the coupling to electrons of both S and ϕ
can easily be obtained via operators that mix the new
scalars with the Higgs, respectively S|H|2 and |φ|2|H|2.
In the latter case, however, one would need to tune the
parameters of V (|φ|) with this quartic coupling, in order
to keep vφ  vEW.
A coupling of S to neutrinos gνν
2S, of size gν ∼ 10−2ge
as needed to make the model compatible with cosmolog-
ical data [13], can be achieved by extending the SM with
three singlet fermions νR, NL and NR. The EW-invariant
Lagrangian
L = yν`Hν†R +mNNLN†R + gNSNLν†R + h.c. (B5)
then induces
gν ' gN yνvEW√
2MN
≈ 2 · 10−8yνgN 10
7 TeV
MN
, (B6)
which is of the desired size gν ∼ 10−2ge ∼ 10−8(see Fig. 1
for the interesting values of ge) for N out of experimental
reach.
We finally provide an example of an EW-invariant
completion for the small coupling to neutrinos of a U(1)′
gauge boson. We add to the model of eq. (6) one total
singlet fermion ν†R and two left-handed fermions NL and
NR, with charges respectively +2 and −2 under U(1)′,
and singlets under the SM gauge group. The Lagrangian
Lν = yν`H†ν†R +mNN†LNR + yNNLν†Rφ+ h.c. (B7)
then induces a coupling of size
gν ' 2 gD
(yNvφ
mN
)2
≈ 10−7 y
2
N
gD
( mV
15 MeV
)2(30 GeV
mN
)2
.
(B8)
7One can then obtain the needed value gν ∼ 10−2e ∼
10−7 (see Fig. 2 for the interesting values of ) for mN ∼
30 GeV, which is out of experimental reach because N is
a total SM singlet.
Appendix C: Solar-reflected DM events at
XENON1T.
Here we give the procedure to compute the electron
recoil spectra at XENON1T in detail.
The solar-reflected DM flux is given by eq. (14), and we
explain each term in the following. We take the DM num-
ber density as nDM = (0.42 GeV/MDM) cm
−3 [44, 45].
The astrophysical unit is given by 1 AU ' 1.5× 1013 cm.
The escape velocity is given by
vesc(r) =
√
2GM(r)
r
, (C1)
where G is the Newton constant and M(r) is the solar
mass inside the radius r. The factor vesc/vDM originates
from the combination of the enhanced classical cross sec-
tion by the attractive gravitational potential and the
spreading of the flux by the increased DM velocity [23].4
The halo DM velocity is taken as vDM = 220 km/sec. As-
suming the Maxwell-Boltzmann distribution, the thermal
averaged differential cross section is given by〈
dσe
dE
ve
〉
=
σeMDM
µ2eDM
√
me
2piT
exp
[
−mev
2
min
2T
]
,
vmin =
1√
2MDME
[
MDME
µeDM
+ δ
]
. (C2)
Finally we shift the DM kinetic energy after scattering,
by the gravitational potential at the point of the scatter-
ing to take into account the gravitational redshift effect,
E → E −MDMv2esc(r)/2. In Fig. 5, we show the solar-
reflected DM flux for the benchmark points used in the
main text: MDM = 2 MeV and σe = 4× 10−38 cm2 in the
p-wave case and MDM = 3 MeV, σe = 1.9 × 10−38 cm2
and δ = 3 keV in the coannihilation case.
Once the reflected DM flux is computed, the electron
recoil spectra are given by eqs. (15)–(17),5 with the num-
ber of the target particle taken as NT = 4.2 × 1027
per tonne in our computation. As mentioned in the
main text, we compute the atomic form factor follow-
ing [27, 34]. Assuming the plane wave function for the
4 Precisely speaking, the enhancement of the cross section by the
factor v2esc/v
2
DM applies only when the potential is proportional
to 1/r. It is however enough for our purpose, given the uncer-
tainties in the other factors such as the atomic form factor.
5 We think that there is a typo in the formula of η in [31] (which
is our ξ divided by the total halo DM flux).
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FIG. 5. Solar-reflected DM flux for our benchmark points:
MDM = 2 MeV and σe = 4 × 10−38 cm2 in the p-wave case
and MDM = 3 MeV, σe = 1.9 × 10−38 cm2 and δ = 3 keV in
the coannihilation case.
out-going electron, the atomic form factor is given by
|fnl(q, ER)|2 = FFermi 2l + 1
2pi3
meER
q
[∫ k+
k−
dk k |χnl (k)|2
]
,
k± =
∣∣∣√2meER ± q∣∣∣ . (C3)
The radial part of the wave function in the momentum
space χnl is given by
χnl(k) = 4pi
∫ ∞
0
dr r2jl (kr)Rnl (r) , (C4)
where jl is the spherical Bessel function and Rnl is the
radial part of the real space wave function. We take Rnl
as
Rnl =
∑
j
CjlnNjlr
njl−1 exp (−Zjlr) ,
Njl =
(2Zjl)
njl+1/2√
(2njl)!
. (C5)
where Cjln, Zjl and njl are taken from [46]. If we define
fl (n;x) ≡ 2
n+1/2√
(2n)!
∫ ∞
0
dy yn+1jl (xy) exp (−y) , (C6)
the momentum-space wave function is given by
χnl (k) = 4pi
∑
j
Cjln
Z
3/2
jl
fl (njl; k/Zjl) . (C7)
The integral (C6) can be analytically performed, which
simplifies the numerical computation. The wave func-
tions are normalized as∫
dk k2 |χnl|2 = (2pi)3 ,
∫ ∞
0
dr r2 |Rnl|2 = 1, (C8)
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FIG. 6. Atomic form factors of the 3d-, 4d- and 5p-state
electrons without the Fermi factor, with two different values
of the recoil energy ER.
which agrees with the normalization of [46]. Finally the
Fermi factor is given by
FFermi(q) =
2pid
1− e−2pid , d = Zeff
αeme
q
, (C9)
where we take the effective charge as Zeff = 1. We show
the form factors without the Fermi factor in Fig. 6. They
agree well with [27] except in the region q . 10 keV for
the 4d-state electron with ER = 1 keV, whose effect on
the final result is anyway minor. In our computation we
neglect the contribution from 1s, 2s and 2p electrons,
because their binding energies are larger than ' 4.8 keV
(see e.g. [46]) and thus can be neglected in this specific
study. We included 8 orbits, from 3s up to 5p.
After computing the electron recoil spectra, we con-
volute them with the detector response to obtain the
signals. For the S2-only analysis, we use the mean val-
ues in [4] to translate the recoil energy to photoelectron
(PE). Although the efficiency depends on the position
of the event, we simply multiply all the efficiency shown
in [4] to obtain the signals in this work. A more detailed
analysis on the detector response is left as a future work.
For the recent S1+S2 analysis, we follow the procedure
outlined in the original paper [5]. We smear the events
by a gaussian distribution with the width given by
σ (E) = a
√
E + bE, (C10)
where we take a = 0.31
√
keV and b = 0.0037 in our
numerical computation. We then multiply the efficiency
that is again given in [5].
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